We have performed atomistic simulations on solid and hollow copper nanowires to quantify the elastic properties of hollow nanowires (nanoboxes). We analyse variations in the modulus, yield stress and strain for 100 and 110 nanoboxes by varying the amount of bulk material that is removed to create the nanoboxes. We find that, while 100 nanoboxes show no improvement in elastic properties as compared to solid 100 nanowires, 110 nanoboxes can show enhanced elastic properties as compared to solid 110 nanowires. The simulations reveal that the elastic properties of the nanoboxes are strongly dependent on the relative strength of the bulk material that has been removed, as well as the total surface area of the nanoboxes, and indicate the potential of ultralight, high-strength nanomaterials such as nanoboxes.
Introduction
Metallic and semiconducting nanowires are being studied intensely due to their potential as the basic building blocks of future nanotechnologies. The interest in such low-dimensional nanomaterials is largely driven by the often superior physical properties that they show with respect to the corresponding bulk material. In general, the relatively large ratio of surface area to volume contributes strongly to surface and quantum confinement effects on the unique optical [1] [2] [3] , thermal [4] , electrical [5] and mechanical [6] [7] [8] properties of nanowires.
The majority of research on mechanical properties that has been performed on nanowires has concentrated on analysing the elastic and inelastic deformation and properties of solid wires with regular geometries, i.e. 100 wires with square cross sections. These efforts have resulted in a large collection of information quantifying nanowire mechanical properties for various loading conditions ; highlights include sizedependent elasticity [23, 24] , phase transformations, shape memory and pseudoelastic behaviour [25] [26] [27] [28] , orientationdependent deformation [19, 21, 22] , amorphization at large strain rates [9, 11, 29] and many others.
However, as the ability to control the synthesis of nanostructures has increased in recent years, researchers have found that nanowires typically form in geometries that deviate from those previously studied [2] . In particular, many researchers have found that non-square cross section wires may be energetically favourable [30] [31] [32] [33] [34] [35] [36] [37] [38] ; others have utilized novel techniques to synthesize hollow nanowires or nanoboxes [31, 39, 40] .
While the ability to synthesize nanostructures of varying size and shape is itself important and interesting, these nanostructures of novel geometry have attracted much interest as researchers have discovered that their geometry can be utilized to engineer unique behaviour and properties. For example, geometry is known to have a large effect on the optical properties of metal nanoparticles [41] . More recent work has analysed the optical properties of hollow metallic nanostructures [31, 42] ; it was found that the optical properties can be altered by hollowing out the nanostructure. From a perspective of mechanical behaviour [43] , recent atomistic simulations have indicated that both surface orientation [22] and the geometry of nanowires [44] can have a first-order effect on the mechanical behaviour of FCC metal nanowires. Furthermore, 110 nanowires with non-square cross sections similar to those synthesized experimentally were found to have distinct deformation modes and mechanical properties as compared to square cross section wires [45] .
In this work, we utilize atomistic calculations to study the elastic properties of hollow metal nanowires, which we call nanoboxes. In doing so, we find that, while 100 nanoboxes are weaker than the corresponding 100 solid wires, 110 nanoboxes, which is the orientation that is most frequently observed experimentally [42] , are stronger than the corresponding solid 110 wires. We also characterize yield stresses and strains for the nanoboxes and compare those to the values of the corresponding solid wires. These results are consistent with previous studies on solid nanowires [23, 24] that indicate that the bulk material can be either weaker or stronger, depending on the orientation. In particular, the present results indicate that geometric considerations may lead to the development of lightweight nanomaterials that offer, in certain respects, superior elastic properties that may be beneficial for future nanoengineering applications.
Simulation details
In this work, we performed molecular statics simulations on copper nanowires using the embedded atom method (EAM) [46, 47] as the underlying interatomic interaction model. In the EAM, the total energy U for a system of atoms is written as
where the summations in (1) extend over the total number of atoms N in the system, F i is the embedding function,ρ i is the electron density at atom i , φ i j is a pair interaction function and R i j is the distance between atoms i and j . In this work, we modelled copper nanowires with the EAM potential developed by Mishin et al [48] , which accurately represents the elastic properties and surface energies of copper. The nanoboxes were created through a top-down approach by extracting them from a bulk copper FCC crystal. First, a solid wire was extracted, followed by removing atoms (the bulk) from the centre of the wire leaving a square hole and thus a hollow nanobox. As illustrated in figure 1, all nanowires and nanoboxes had the same length of 50 cubic lattice units (CLU), where 1 CLU = 0.3615 nm for copper, while both 100 and 110 longitudinal orientations were considered. The nanobox cross section can be characterized with two parameters, the outer edge length l o and the inner edge length l i , as shown in figure 1 , while the nanobox wall thickness can be defined as
The 100 nanoboxes contained only {100} transverse surfaces, while the 110 nanoboxes contained both {100} and {110} transverse surfaces. Solid 100 and 110 nanowires with the same length of 50 CLU square cross sections of length l o were also studied for comparative purposes; by studying both nanoboxes and solid nanowires, we will quantify the effects of removing the bulk material on the nanobox elastic properties. Dimensions of the 100 solid wires and nanoboxes are given in table 1, while the 110 solid wires and nanobox geometries are summarized in table 2. The nanoboxes are grouped into three categories: constant wall thickness ((l o −l i )/2), constant outer edge length (l o ) and constant inner edge length (l i ).
The nanoboxes and solid wires were first relaxed to energy minimizing positions; due to the presence of tensile surface stresses [49] , the nanowires and nanoboxes as extracted from the bulk are not in equilibrium, and thus contract in the longitudinal direction. After the energy minimization, the wires and boxes were quasistatically loaded in tension by fixing one end and elongating the other end using a strain increment of 0.1% while allowing relaxation of the atomic positions in the nanowire interior. The reported Young's modulus in each case was calculated by taking the slope of the stress-strain curve within the small strain regime, <= 0.3%.
In this work, we will focus on characterizing the elastic properties of the nanoboxes using three parameters: the Young's modulus, yield stress and yield strain. The modulus is generally defined as the slope of the stress/strain curve for a material under uniaxial tension, and is perhaps the most valuable elastic property as it measures the resistance, or stiffness, of the material to imposed deformation. The yield values are important as they measure how much elastic deformation, in terms of elongation (yield strain), and applied deformation (yield stress) a material can sustain before undergoing irreversible plastic deformation, or yield.
We utilize engineering strain as the strain measure in this work, while the stresses were calculated using the virial theorem [50, 51] , which takes the form
where N is the total number of atoms, r αβ is the distance between two atoms α and β, x
and V is the current volume. The yield strain and yield stress were both found at the point of initial yield, or when the first defect, which typically appears in the form of a partial dislocation, nucleates within the nanobox or nanowire.
For a nanobox, the volume was approximated as the initial volume of the solid wire minus the volume of the removed interior; this approximation is viewed as acceptable due to the fact that the modulus values we report are small strain values, and also because the nanobox geometry is largely undistorted before yield. Due to the quasistatic nature of the simulations, there are no dynamic terms that are dependent on atomic velocities in (2).
Simulation results
In this section, we present simulation results obtained through the tensile loading of 100 and 110 copper nanoboxes, while comparing the results obtained from the tensile loading of the corresponding solid wires of cross-sectional length l o . Because the variations in the Young's modulus of solid nanowires have been reported in other publications [23, 24, 52 ], we will focus on characterizing the Young's modulus of the nanoboxes, while normalizing the modulus by that of the corresponding solid wires. Variations in yield stress and yield strain of the nanoboxes will also be considered, with comparisons made with the properties of the corresponding solid nanowires.
As various nanobox geometries have been considered in this work, we present the nanobox modulus, yield stress and yield strain in terms of the VR/TV ratio, where VR is the volume of (bulk) atoms removed to create the nanobox, and TV is the volume of the corresponding solid nanowire with crosssectional length l o . This ratio was calculated for nanoboxes with constant outer edge length (l o ), inner edge length (l i ) and constant nanobox wall thickness ((l o − l i )/2), and is utilized as it allows us to quantify the effects of removing increasing amounts of bulk material on the nanobox elastic properties.
For nanoboxes with a constant wall thickness, an increasing VR/TV ratio indicates an identical increase in both l o and l i , though the surface area to volume ratio does not change. For nanoboxes with constant outer edge length l o , an increase in the VR/TV ratio implies a decreasing wall thickness brought on by an increase of the inner edge length l i , while an increasing VR/TV ratio for nanoboxes with constant inner edge length l i corresponds to a decrease in wall thickness and outer edge length l o . To enable future discussions on the effects of surface area and volume on the elastic properties of the nanoboxes, we present normalized values for surface area and volume for the nanoboxes considered in tables 3 and 4. Figure 2(A) shows variations in the measured nanobox moduli as dependent on the variations in the three different geometries considered in this work. For constant l o and l i nanoboxes, the modulus decreases as more of the bulk material is removed. The decrease in strength is most dramatic for the case in which the inner length l i is kept constant, while the outer length l o is increased. Indeed, figure 2(A) indicates that the strongest effect on the modulus comes from altering the nanobox wall thicknesses through l o or l i . This effect occurs due to rapid changes in surface area to volume ratio for the constant l o and l i nanoboxes with varying VR/TV ratio, resulting in a varying contribution to the nanobox modulus from both the bulk and surface elastic stiffnesses. Figure 2 (B) also shows variations in the nanobox modulus when normalized by the modulus for the corresponding solid wires with square cross section of length l o . When comparing normalized values, it is clear from figure 2(B) that the 100 nanoboxes are elastically softer than the corresponding solid 100 nanowires for all nanobox geometries; furthermore, it is evident that, as more bulk material is removed in creating 100 nanoboxes with increasing VR/TV ratio, all nanoboxes show a corresponding decrease in modulus.
Modulus of 100 nanoboxes
These results make a great deal of sense when analysed in the context of recent results on the relative elastic strength of bulk versus surfaces [23, 24] . In those works, it was found that, as solid 100 wires were gradually made smaller and smaller, their elastic modulus decreased due to the fact that the 100 bulk is stiffer than the {100} surfaces. The softening of the elastic properties as more bulk is removed thus matches those predictions [23, 24] and indicates that 100 nanoboxes will offer no stiffness enhancements as compared to the corresponding 100 solid wires.
Interestingly, the nanobox modulus increases slightly as seen in figure 2(A) if its wall thickness ((l o − l i )/2) is kept constant but its overall cross-sectional length including both l i and l o , increases; this is unexpected as this implies that more bulk material is being removed to create the nanoboxes, which would, for the 100 orientation, imply a decrease in modulus. Figure 2 (B) thus shows that, while the modulus of the constant wall thickness nanoboxes increases slightly with increasing cross-sectional length, the rate of stiffness increase is still lower than that of the corresponding solid wires. While similar behaviour is observed and understandable for the modulus of constant thickness 110 nanoboxes as discussed later, it is currently unclear as to why the modulus of the constant thickness 100 nanoboxes increases with VR/TV.
Yield stress and strain of 100 nanoboxes
The yield stresses and yield strains for the various 100 nanoboxes are plotted in figure 3 . As can be seen, for the nanoboxes with constant outer edge length l o , both the yield stress and yield strain show a decreasing trend with increasing VR/TV ratio. The reason this occurs is because the increasing VR/TV ratio corresponds to decreasing the wall thickness by gradually increasing the inner edge length l i . Decreasing the wall thickness corresponds to effectively removing more bulk material to create the nanoboxes; because the 100 bulk is stronger than the {100} surfaces, this as observed in figure 2(A) leads to a reduction in modulus.
The yield strain decreases as VR/TV increases for the constant l o nanoboxes because this leads to an increase in the overall surface area of the nanoboxes, as seen in table 3. This factor is critical because defects in surface-dominant nanomaterials such as nanowires tend to nucleate exclusively from surfaces, due to the fact that surfaces exist at an energetic equilibrium that is larger than that of the underlying bulk [14, 19] . Thus, the greater availability of surface area increases the likelihood of defect nucleation and initial yield, leading to reductions in yield strain and also yield stress (due to the decrease in modulus as discussed above) with increasing VR/TV for the constant l o nanoboxes.
Similar logic can be utilized to explain the yield behaviour of the constant thickness nanoboxes. The increasing VR/TV ratio occurs due to the increase of both l i and l o ; this increase leads to an increase of total surface area, thus resulting in the decrease in yield strain seen in figure 3(B) . Although the Young's modulus increases slightly over the same range of VR/TV, the faster decrease in yield strain leads to an overall decrease in yield stress, as observed in figure 3(A) .
The constant l i nanoboxes show a slightly different response, which we now discuss. In analysing the yield strain for the constant l i nanoboxes, it is observed in figure 3 that it shows an inconsistent trend with decreasing VR/TV ratio. In particular, with decreasing VR/TV ratio, the nanoboxes show a general decrease in yield strain; this makes sense as the nanobox wall thickness, and thus the surface area, increases with decreasing VR/TV, leading to enhanced opportunities for initial defect nucleation and thus reduced yield strains. Interestingly, the constant l i nanoboxes with the smallest wall thicknesses and thus the largest VR/TV ratios exhibited disparate yield properties, which is consistent with previous research [44] indicating that nanoboxes with ultrasmall wall thicknesses or l i less than about 1 nm exhibit different inelastic yield behaviour. However, for larger wall thicknesses, the nanoboxes behave more like solid nanowires and the yield strain decreases as the surface area increases due to increasing l o .
The yield stress for the constant l i nanoboxes also shows an inconsistent trend; note that from figure 2(A), the modulus for the constant l i nanoboxes increases with decreasing VR/TV ratio. However, because of the rapid increase in surface area with decreasing VR/TV, and thus the rapid decrease in yield strain, the increase in modulus is offset and the yield stress for the constant l i nanoboxes begins to decrease in figure 3(A) with decreasing VR/TV.
In general, we find that not only the modulus of the 100 nanoboxes, but also the yield stresses and yield strains, as observed in figure 4 , are reduced as compared to the corresponding solid 100 solid nanowires. The reduced yield strains result due to the increase in available surface area afforded to the nanoboxes; this fact, when combined with the decrease in modulus that the nanoboxes experience, explains the corresponding reductions in yield stresses for the 100 nanoboxes as compared to the solid 100 nanowires. 
Modulus of 110 nanoboxes
The variations in modulus of the 110 nanoboxes for constant l o , l i and wall thickness are summarized in figure 5(A) . As is illustrated, the modulus in all cases increases with increasing VR/TV ratio. The increase is largest for the nanoboxes with either constant l o or l i , while the modulus for the constant wall thickness nanoboxes increased only slightly.
The results are more dramatic when the moduli of the 110 nanoboxes are normalized by those of the corresponding 110 solid wires with cross sections of length l o , as shown in figure 5(B) . As can be seen, the modulus increases in all cases compared to the corresponding solid wires with increasing VR/TV ratio. For the relatively small nanobox sizes we have considered in this work, modulus increases approaching 20% are observed as compared to the corresponding solid 110 wires. Furthermore, the increases are attainable for all the geometries considered, while figure 5(B) indicates that even greater strength increases with respect to the solid 110 wires may be achievable for nanoboxes that are considerably larger than those considered in this work due to computational limitations.
The fundamental idea underlying the notion that nanostructures can be strengthened through mass removal works because it is known that the 110 bulk is weaker than both the {100} and {110} surfaces [23, 24] that surround the 110 nanoboxes and nanowires considered in this work. Therefore, because increasing the VR/TV ratio represents, in all cases, nanoboxes that are composed of decreasing amounts of bulk material, all cases show corresponding increases in modulus. In this context, it is understandable why the constant thickness 110 nanoboxes show a slight increase in modulus with increasing VR/TV ratio as seen in figure 5 , because an increase of VR/TV corresponds to the removal of more bulk material, leading to a greater dependence on the surface for strength, and thus a strength increase.
Yield stress and strain of 110 nanoboxes
The yield stresses and strains for the 110 nanoboxes are presented in figure 6 . As can be seen, the observed trends for the yield stresses differ somewhat from those already discussed for the 100 nanoboxes, while the 110 nanobox yield strains show similar behaviour to those of the 100 nanoboxes.
Unlike the 100 nanoboxes with constant l o , the 110 nanoboxes with constant l o show a distinct increase in yield stresses with increasing VR/TV, while the yield strain decreases; the yield strain decrease is tied to the increase in surface area with increasing VR/TV. It would also be expected that the yield stress for the constant l o nanoboxes would similarly decrease; however, due to the sharp increase in modulus with increasing VR/TV as seen in figure 5(A) with increasing VR/TV, the yield stress increases with increasing VR/TV.
For 110 nanoboxes with constant l i , the trend mirrors that seen for the constant l o 110 nanoboxes. For constant l i nanoboxes, an increase in VR/TV indicates decreasing nanobox wall thickness. Correspondingly, figure 6(A) illustrates that the yield stress for the constant l i 110 nanoboxes increases rapidly as l o is reduced. Similarly, increasing VR/TV for the constant l i nanoboxes leads to reduced wall thicknesses and thus reduced surface area, leading to an increase in the yield strain, as seen in figure 6(B) . Interestingly, the yield stress for constant l i nanoboxes increases more rapidly with VR/TV than does the yield stress for constant l o nanoboxes. The reason for this can be inferred from table 4, which illustrates that the volume decreases much more rapidly over the same VR/TV ratio for the constant l i nanoboxes than for the constant l o nanoboxes; this manifests itself in the faster increase in the modulus as seen in figure 5(A) . More importantly, the surface area for constant l i nanoboxes decreases with increasing VR/TV ratio, leading to the increase in yield strain observed in figure 6(B) . Thus, the increase in modulus and yield strain with VR/TV leads the constant l i nanoboxes to exhibit a rapid increase in yield stress. Similar to the constant l i 100 nanoboxes, the 110 nanoboxes with the smallest wall thicknesses or l i (constant l o with VR/TV = 0.031, constant l i with VR/TV = 0.148, constant thickness with VR/TV = 0.053) also show unusual yield properties [44] . The small wall thicknesses of approximately 1 nm or the small l i cause the anomalies in the yield strain trends seen in figure 6 (B). As the wall thickness increases for all three cases (constant l o , l i , (l o − l i )/2), each nanobox exhibits the expected trend with varying VR/TV.
For the constant wall thickness nanoboxes, both the yield stress and yield strain show a decreasing trend with increasing VR/TV. The yield strain again decreases due to an increase in surface area with increasing VR/TV. The modulus for the constant thickness 110 nanoboxes is fairly constant over the range of VR/TV considered in this work, as seen in figure 5(A) ; thus, the rapid decline in yield strain overrides the slight increase in modulus with VR/TV, leading to the decreasing trend in yield stress as seen in figure 6(A).
As observed in figure 7 , the yield strains for the 110 nanoboxes are lower than those of the corresponding solid 110 nanowires; we attribute this to the larger surface area exposed by the nanoboxes. In contrast, the yield stresses of the 110 nanoboxes are generally greater than those of the corresponding solid 110 nanowires. While the yield strains are reduced, the elevated stiffness exhibited by the 110 nanoboxes enables the nanoboxes to sustain larger stresses before initial yield.
Conclusions
In conclusion, we have utilized molecular statics calculations in conjunction with an embedded atom potential for copper to characterize the elastic properties of hollow metal nanowires, or nanoboxes. It was illustrated that knowledge of the relative strengths of the bulk material as compared to the surfaces could be utilized to create high strength, lightweight nanostructures by removing the bulk material from the nanowires.
This theory was illustrated through consideration of nanoboxes with two different orientations, 100 and 110 . The 100 nanoboxes were found to be elastically softer than the corresponding solid 100 nanowires for all cases. However, the 110 nanoboxes showed modulus increases as compared to the corresponding solid 110 nanowires; the largest modulus increases were found to be of the order of 20% for the 110 nanoboxes considered in this work. This behaviour is possible due to the knowledge that, while the 100 bulk is stronger than the {100} surfaces, thus giving no strength advantage to the nanoboxes, the 110 bulk is weaker than the corresponding {110} surfaces. Thus, removal of the 110 bulk leads to the observed strength increases for the 110 nanoboxes.
The nanobox yield stresses were found, for the 110 orientation, to exceed those seen in the corresponding solid 110 nanowires, while the 100 nanobox yield stresses were lower than those of the solid 100 nanowires. In contrast, the nanobox yield strains for both orientations were found to be lower than those of the corresponding solid nanowires. This yield strain reduction is attributed to the larger amount of surface area of the nanoboxes; larger amounts of surface area contribute to a higher probability of defect generation from the surfaces, thus leading to lower yield strains. The enhanced yield stresses of the 110 nanoboxes thus occurs due to the rapid escalation of the nanobox modulus with increasing VR/TV ratio.
We note that, as the experimental synthesis of hollow metal nanostructures is in its infancy, and because it is currently unknown as to the optimal geometries (longitudinal and surface orientations) of hollow nanostructures, the results reported in this work should be regarded at present as qualitative rather than quantitative. Future work will concentrate on determining the inelastic response and controllable mechanical functionality of the various nanoboxes considered; such work will be valuable due to recent results [22, 44] indicating that both geometry and surface orientation can have first-order effects on the inelastic deformation of metal nanostructures.
